Introduction
Investigation of the cathodic oxygen reduction in aqueous solution is important for various electrochemical processes, including electrolysis, fuel cell, air-metal battery, hydrogen peroxidase production, and corrosion. The oxygen is reduced by 4-electron or 2-electron reduction mechanisms on the cathodic electrode. The 4-electron reduction processes include the direct 4-electron reduction, in which four electrons are discharged by the reaction (1) , and the indirect 4-electron reduction, which involves the absorbed intermediate HO2 -in the reactions (2) and (3).
O2 + 2H2O + 4e -⎯ → 4OH -,
O2 + H2O + 2e -⎯ → HO2 -+ OH -,
HO2 -+ H2O + 2e -⎯ → 3OH -.
The final product of 4-electron reduction is OH -. On the other hand, that of the 2-electron reduction is HO2 -, which is generated by reaction (2) . The average number of the electron transfers n -is dependent on the metal species and the surface condition of the electrode. Platinum group metals, for example, have high electrocatalytic activity for the oxygen reduction since these metals have relatively low oxygen overvoltage, and react in the direct 4-electron reduction. However, the catalytic activity for the oxygen reduction decreases by forming the oxidative products on the electrode surface. Yeager 1 stated that both 2-electron and 4-electron reductions occurred on Ag electrode.
In the industrial electrolyses such as brine electrolysis and fuel cell, the cathode is required to reduce the oxygen by 4-electron reduction. However, the n -value of the Ag electrode is between 2 to 4, since the final product of oxygen reduction on Ag involves the intermediate HO2 -. The n -value involved in the oxygen reduction could be investigated by using hydrodynamic techniques 2-8 like a rotating ring disk electrode (RRDE) and a channel flow double electrode (CFDE).
The CFDE is one of the hydrodynamic electrochemical methods to control the mass transfer by laminar flow in the channel. It has the following advantages over the RRDE. The CFDE has low noise level because the CFDE cell has no brush friction for the electric contact, such as RRDE does. In addition, the use of the CFDE cell was made easier because of the simple design of the cell and the channel.
In the present paper, the authors have studied the oxygen reduction on Ag electrode supported with a rare-earth oxide by using CFDE. The transition metal oxides have been widely known as the oxygen reduction catalysts. The catalyst which retains high oxygen reduction activity generally takes on multiple oxidation states.
In addition, the catalyst for electrolysis should be stable under the oxidative and the highly alkaline conditions. CeO2 is stable under the alkaline condition, and takes on multiple oxidation states (Ce 3+ /Ce 4+ ). Therefore, the purpose of our work was to study the characteristics and mechanisms of the oxygen reduction on the Ag electrode supported with CeO2. The n -value and the mechanisms of oxygen reduction on the electrodes and roles of the rare-earth oxide were investigated by CFDE. The channel flow double electrode (CFDE) was used for the evaluation of the oxygen reduction activities in alkaline solution of rare-earth oxide-supported silver catalysts. The CFDE cell was modified for the experiment using the powder catalyst as a working electrode. In the present experiment, the silver electrode was supported with CeO2 in order to improve the performance of the oxygen reduction. The detecting electrode current for HO2 -emitted from the working electrode was recorded simultaneously with the measurement of the i-E curve of each working electrode. Moreover, the average number of charge transfers n -was calculated from the working and detecting electrode currents. The value of n -for the oxygen reduction was approximately 4 for silver electrode supported with rare-earth oxide, compared with the n -value of pure silver that was smaller than 4. On the basis of these results, the mechanisms of oxygen reduction on these electrodes and role of the rare-earth oxide in alkaline solution were discussed. 
Experimental
Preparation of the catalyst Carbon black (2 g, Mitsubishi Chemical, KETJENBLACK EC-600JD), which was ground to a powder by a mill (Janke & Kukel, A10), was dispersed in the 200 cm 3 aqueous solution containing 3.15 g silver nitrate. The solution was stirred for 15 min with a magnetic stirrer, and was evaporated to dryness at 100˚C in an oven. The dried powder was sintered at 250˚C for 1 h in the nitrogen gas atmosphere and was coated with silver (50wt% of silver). The electric furnace (Yamada Denki, VMF165) was used for the sintering. The silver coated carbon powder was triturated by the mill.
A silver catalyst supported with CeO2 was prepared as follows. Equimolecular amounts of the silver-coated carbon powder (0.108 g) and cerium nitrate (0.217 g) were mixed in the aqueous solution. The powder was dispersed in the solution by ultrasonication for 5 min. The solution was evaporated to dryness at 100˚C in an oven. The dried powder was sintered at 400˚C for 1 h in the nitrogen gas atmosphere. The silver catalyst supported with strontium-doped CeO2 was prepared by addition of the 0.0055 g Sr(NO3)2 in the solution. The mole ratio of the Ag, Ce, and Sr was 1:1:0.05, respectively. The production of the silver particles was identified by X-ray diffraction method. The silver particle size determined with a scanning electron microscope was 50 -100 nm.
CFDE cell
Electrochemical characteristics of several clay catalysts have been investigated by the hydrodynamic electrochemical methods. Miura et al. 10 made the pasty disk electrode packed with the clay catalysts in the cavity (0.5 mm depth) formed on the silver disk electrode for the rotating disk electrode (RDE). In the case of CFDE, Heller-Ling et al. 2, 11 used copper manganese oxide and nickel cobalt oxide, which is deposited or sprayed on the nickel film, as a working electrode. Hermamm et al. 12 investigated the electrochemical characteristics of the La0.6Ca0.4CoO3 supported with the carbon coated on the titanium film. Itagaki et al. 9 developed a working electrode which consisted of a perovskite oxide powder, a carbon powder, and a binder. The oxygen reduction characteristics of the perovskite oxide were investigated by using the CFDE cell. 9 CFDE is stable enough for use in a clay electrode since the electrode is stationary in the cell.
In this research, the cavity electrode was applied to the CFDE cell (Fig. 1) . The clay catalyst was prepared by mixing equal amounts of the silver catalyst prepared by the above method and carbon black (CB) powder with the liquid paraffin (Kishida Chemical) added as the binder. The clay catalyst was packed into the cavity (shown in Fig. 1 ). The working electrode consists of the clay catalyst and a glassy carbon (GC, Tokai Carbon) plate used as the current collector. The thickness of the insulating film, which was made of polyester (San Hayato, MF-152), between the working and detecting electrodes was 0.05 mm. The insulation between the clay electrode and the detecting electrode was confirmed with the circuit tester before the electrochemical measurement. The material of the detecting electrode was GC. The electrode areas of both electrodes were 0.04 cm 2 (convection direction length 0.1 cm × width 0.4 cm). The counter electrode was Pt, and the reference electrode was a saturated KCl/AgCl/Ag electrode (SSE).
The electrolyte solution containing 0.1 mol/dm 3 NaOH was prepared by doubly-distilled water and analytical grade of NaOH. The details of the electrolyte flow circuit of CFDE are described in Fig. 2 . The electrolyte solution was held in a reservoir tank that was placed in the air.
During the electrochemical measurements, the electrolyte solution flowed through the channel. The mean flow rate was 100 cm s -1 . The counter electrode was set in the downstream of the solution outlet in the cell. The reference electrode was connected with the liquid junction as described in Fig. 2 . The channel of the cell has a hole which was put in front of the working electrode. 13 
Measurements of i-E curves
A multi-channel potentiostat (Toho Technical, PS-08) was used for the measurements of the i-E curve. The potential was scanned in the cathodic direction at a scan rate of 100 mV min -1 by using a potential sweeper (Hokuto, HB-111). The detecting electrode potential was set at +1.3 V to detect HO2 -by the reaction: HO2 -+ OH -→ O2 + H2O + 2e -. The average number of electron transfers n -was calculated from the working electrode current iw and the detecting electrode current id in i-E curve measurements. The ratio of the amount of the ions detected by the detecting electrode to that of ions generated on the working electrode is called the collection efficiency N. The experimental value of N was 0.30 for the present CFDE system, which was determined by the ratio of the working and detecting electrode currents during the amperometric measurement in 1 mM K3[Fe(CN)6] + 20 mM Na2SO4 solution. 13 
Results and Discussion

i-E curve and the n -of Ag electrode
The experimental results of the i-E curves of the electrode 1316 ANALYTICAL SCIENCES OCTOBER 2006, VOL. 22 made of silver supported with CeO2 (Ag-CeO2) and strontiumdoped CeO2 (Ag-CeO2-Sr) in the 0.1 mol/dm 3 NaOH solution are shown in Fig. 3 . The cathodic currents (iw) at both electrodes flowed below approximately -0.2 V, and reached the diffusion limiting current at approximately -0.7 V. Furthermore, the absolute values of iw increased from about -1.2 V again. The abrupt current increase below -1.2 V was due to hydrogen evolution. The value of hydrogen overvoltage at AgCeO2-Sr electrode was slightly more negative than that of the Ag-CeO2 electrode. The negative shift of the hydrogen overvoltage might be caused by the differences of the crystal and surface structures between Ag-CeO2 and Ag-CeO2-Sr electrodes, which, however, were not analyzed in detail in the present paper. On the other hand, id flowed slightly in the case of both working electrodes. This indicates that a very small amount of HO2 -is formed during the oxygen reduction. The average number of electron transfers n -on each electrode was calculated from iw and id in i-E curve measurements. In the present paper, the partial currents for 2-electron and 4-electron reductions are represented by iw(2 electrons) and iw(4 electrons), respectively. The iw(2 electrons) is calculated by using id and N as follows:
where nw is the number of electrons for 2-electron reduction on the working electrode (nw = -2), nd is the number of electrons for HO2 -oxidization on the detecting electrode (nc = 2), and N is the collection efficiency. Besides, iw(4 electrons) is assessed by:
where the non-Faradic current in iw was neglected in this analysis. The n -is expressed from Eqs. (4) and (5).
n =
The plots of n -and the working electrode potential Ew are shown in Fig. 4 . The n -values of Ag electrode 3 are also depicted in Fig. 4 . The n -values of the Ag-CeO2 and Ag-CeO2-Sr electrode become almost 4 in whole oxygen reduction potential region, respectively. On the other hand, the n -value of the Ag electrode is about 2.5 at -0.9 V. In addition, it was estimated that the n -of the Ag powder electrode took the value similar to that of Ag electrode. These results indicate that the Ag-CeO2 and Ag-CeO2-Sr electrodes have greater oxygen reduction activity than the Ag electrode. Figure 5 shows i-E curve of carbon black (CB) electrode, which had been used as the current collector of the silver catalysts in the present paper, and id was measured simultaneously with iw. The oxygen reduction current was observed from -0.7 V to -1.2 V on the CB electrode ( Fig. 5  (a) ). The Ag-CeO2 electrode can reduce the oxygen below -0.2 V (Fig. 3) . These results indicate that the CB electrodes have very low catalytic activity for oxygen reduction, compared with the Ag-CeO2 electrodes. In addition, the oxygen was not reduced by 4-electron reduction on the CB electrode since the HO2 -was detected on the detecting electrode as the final product of 2-electron reduction. Figure 6 shows i-E curves of a CeO2 electrode, at which CeO2 powder and CB powder were packed together into the cavity, and the CB electrode in 0.1 mol/dm 3 NaOH solution. The cathodic current of the CeO2 electrode was smaller than that of the CB electrode. From these results, it is found that the oxygen is not reduced on the CeO2. In other words, the CeO2 has no oxygen reduction activity. Meanwhile, when the CeO2 powder was directly added in the hydrogen peroxide solution, gas bubbles were produced drastically. Therefore, the CeO2 has the catalytic activity of the hydrogen peroxide dismutation.
Reaction mechanisms
From the results mentioned above, we propose the reaction scheme of oxygen reduction on silver catalysts supported with CeO2 in the alkaline solution in Fig. 7 . Unimolecular oxygen is reduced to HO2 -by 2-electron reduction on Ag in reaction (7).
O2 + 2e -+ H2O ⎯ → HO2 -+ OH -
The HO2 -chemically decomposes to O2 and OH -on the CeO2 by the disproportionation reaction as below.
The O2 generated in the reaction (8) is reduced to OH -on the Ag again. It could be concluded that the final products of the oxygen reduction are OH -, which is generated by 4-electron reduction. In other words, 4-electron reduction clearly occurs on the silver supported with the CeO2, although oxygen is reduced only by 2-electron reduction on the Ag.
Conclusion
The oxygen reduction characteristics of the silver supported with CeO2 was investigated to obtain higher performance for the industrial electrolysis. The channel flow double electrode (CFDE) can be applied to the powder catalysts made of CeO2. The average number of electron transfers n -and the mechanisms of oxygen reduction in alkaline solution were investigated. The n -value for the oxygen reduction was approximately 4 for silver electrode supported with CeO2, and the reduction activity remarkably increases, compared with that for the silver electrode. Oxygen is reduced to HO2 -by 2-electron reduction on Ag, and the HO2 -chemically decomposes to O2 and OH -on the CeO2. Totally, 4-electron reduction clearly occurs on the silver supported with the CeO2, although oxygen is reduced only by the 2-electron reduction on the Ag. ANALYTICAL SCIENCES OCTOBER 2006, VOL. 22 Fig. 6 i-E curves of the CB and CB + CeO2 electrodes in 0.1 mol/dm 3 NaOH solution. Fig. 7 Reaction scheme of oxygen reduction on Ag catalysts supported with rare-earth oxide in alkaline solution.
